Tube hydroforming (THF) is a well established process in the automotive industry and its application is being extended to the aerospace for manufacturing complex geometries. However, most of the alloys used in aerospace are high in strength and low in formability, which renders the application of THF more challenging. The objective of this paper is to present a method to increase the formability of an austenitic stainless steel. A multistep forming process was simulated through interrupted uniaxial tensile testing experiments to study the influence of the latter process on formability. The tensile test was divided into several deformation steps with a stress relief heat treatment after each forming step. The results indicated that the application of intermediate heat treatments considerably increased the formability of the stainless steel 321 alloy (SS321). Microstructure evolution as a function of deformation or heat treatment parameters was also investigated and revealed the formation of strain-induced martensite after the first deformation and heat treatment cycle without any deleterious effect on formability enhancement.
INTRODUCTION
Tube hydroforming is a forming process that uses a pressurized fluid, to plastically deform a given blank tube material into a desired shape. This technique presents many advantages compared to the traditional stamping and welding processes. It allows a lower weight to rigidity ratio as well as reducing the number of welds in an assembly which can considerably reduce the weight of the final product and also improve dimensional accuracy. Moreover, THF provides higher strength and surface quality in a part with a complex shape [1] . It is also well known for its reduced tooling and assembly costs [2] . With all these advantages, THF has become a widely used forming process in many industries such as automotive, marine, sanitary and electronic [3] . In the case of the aerospace industry, the application of THF is relatively new and very challenging. Indeed, due to the high strength of the materials used in aerospace and the complexity of the components, very high pressures are needed for hydroforming. On the other hand, the required tight tolerances and the limited formability of most aerospace alloys requires a very good understanding of material flow during the process to avoid premature failure or unacceptable thickness variations during THF.
The purpose of the present publication is on improving the hydroformability of tubes made of SS 321, which is one of the most widely used aerospace alloys. To this end, intermediate heat treatments have been developed and performed between multiple deformation steps. Interrupted tensile tests (ITT) were used as a mean to replicate multistep forming processes [4] . Tensile testing has the advantage of being well implemented in industry, standardized and relatively easy in its procedure and data interpretation. The application of a specific intermediate heat treatment on deformed specimens should lead to material restoration and consequently to mechanical properties improvement [5] . This paper focuses on the comparison of the formability performance and the microstructure to better understand microstructure evolution occurring along with formability enhancement.
EXPERIMENTAL PROCEDURE

Material
The austenitic SS 321 alloy used for this study is a chromium-nickel austenitic grade stabilized by titanium to minimize intergranular chromium carbide precipitation. Due to its composition, this alloy cannot be hardened by heat treatment [6] .
Tensile specimens were machined according to ASTM-E8 standard using laser cutting from a 1 mm thick rolled sheet. The samples were loaded in the rolling direction. The latter was selected after prior testing which did not reveal any significant difference in the mechanical properties of specimens cut in the transverse or 45 degrees directions. The multistep forming/heat treatment experiments were carried out for two starting material conditions: as-received (AR) and stress-relieved (SR).
Mechanical Tests
Tensile tests were conducted at room temperature using a servo-hydraulic Materials Testing System-810 (MTS-810). Prior to testing, the width and thickness of each specimen were measured at three different locations along the 50 mm gauge length to determine the engineering stresses. Tensile tests were performed under displacement control mode with an equivalent strain rate of 0.25 s 1 until rupture.
As illustrated in Fig. 1 , the tensile testing machine was equipped with both a laser video extensometer and the Aramis ® digital image correlation (DIC) system. The laser video extensometer was placed behind the specimen to measure the global extension at the gauge length. The Aramis ® (DIC) system is a non-contact optical deformation measurement system that is used to measure full 3D-strain fields. The system comprises of two CCD cameras, a trigger box and a high performance PC system. The two stereoscopic cameras of the system were placed in front of the specimen to capture local strains during testing. To measure strains with the DIC system, the surface of the gauge length on each specimen must be covered with a high-contrast random speckle pattern. Thus, the front side of the specimen was painted with random speckles of black paint on a white background; while on the back side two pieces of laser tape were attached to mark the gauge length for the laser extensometer during testing. The elongation, tracked by the video-extensometer, was used to evaluate the deformation when plotting the global stress-strain curves thereby allowing stopping the test at any specific strain. The deformations captured by the DIC system were used to map the strain distribution over the specimen's gauge length area. The same data acquisition rate, 50 points per second, was used for the laser extensometer and the tensile load records. This allowed an easier and more accurate interpretation of the results. On the other hand, the DIC system triggered images at a frame rate of 3 images per second. At the end of the test, each DIC system image was computed and post-processed to extract the strain maps. The engineering stress was obtained by using the load data collected from the tensile testing machine during the test. 
Heat Treatments
Stress relieving heat treatments were performed under secondary vacuum at 982 ı C for one hour followed by controlled cooling at 19 ı C min 1 down to 538 ı C and then air cooled to room temperature. The purpose of the stress relieving heat treatment (SR condition) is to increase the ductility of the material. It also stabilizes the microstructure against chromium carbide formation which may cause sensitization [7] .
Interrupted Thermo-Mechanical Testing
Specimens were subjected to 1, 2 or 3 cycles of tensile testing up to the limit strain with a SR heat treatment performed between each tensile test. For each condition, final tensile loading was systematically performed up to rupture. The value of the limit strain was selected close to the onset of necking, which was determined via the strain distribution measurement using the DIC system. For each specimen, the thickness was measured at the end of tensile testing. All sequences of tensile tests C SR treatment cycles were performed twice to validate the repeatability of the experiments.
Microstructure Evolution
The microstructures of the specimens in the AR, SR and cycles of deformation and SR treatments, were characterized by scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD). The specimens were mechanically ground and then polished for 12 hours using a vibratory polisher (Vibro-Met) with colloidal silica. EBSD analyses were performed with a high-resolution Hitachi SU-70 field emission gun -scanning electron microscope (FEG-SEM) equipped with an Oxford-Channel 5 HKL acquisition system. The FEG-SEM was operated at 20 kV with a probe current of 14 nA. The specimens for the EBSD analysis were extracted from the center of the gauge length. Two different types of EBSD maps were acquired. The first one was performed over a large area of 1905 1425 m 2 with a step size of 1 m. The second one was focused over 635 475 m 2 with a step size of 0.25 m. The larger maps covered a sufficient number of grains for grain size and shape statistical calculations. The second maps were used to estimate the percentage of the different phases present in the microstructure. Both martensite and austenite were indexed. In both cases, the percentage of non-indexed points within the EBSD maps is between 2 % and 8 % depending on the specimens.
RESULTS AND DISCUSSION
Strain Distribution Up To Rupture
The evolution of the major engineering strain distributed along the gauge length median axis during tensile testing of the AR condition is illustrated in Fig. 2 . Here, the strain distribution is plotted at various levels of the global strain " global , i.e., 4 %, 25 %, 40 %, 47 %, 50 % and 51.5 %. Up to 25 % strain, the curve indicates a very uniform strain distribution along the specimen. At 40 % global strain, the distribution of the local strain was still relatively uniform and the difference between the maximum and the minimum strain values was about 5 %. However, beyond 40 % strain, although no local instability was noticed along the gauge length, the above difference exceeded 10 %, indicating that strain localization has taken place. Thus, 40 % strain was considered as the maximum strain that can be applied safely without the risk of strain localization. In the present investigation, in order to maximize the cumulative applied strain for a given number of deformation-heat treatment cycles, the 40 % strain value was selected as the incremental deformation applied to the specimens after each heat treatment.
Cumulative Stress-Strain Curves
The cumulative engineering stress-strain curves obtained from several interrupted tensile tests are shown in Fig. 3 . The initial state of the material before the first tensile test was the AR condition. In Fig. 3 , specimen A was pulled up to rupture. Specimen B was pulled up to 40 %, then unloaded and subjected to the SR heat treatment, and finally pulled up to rupture. Specimen C was subjected to 2 cycles of tension: loading up to 40 % -unloading -SR heat treatment two times, and then reloading up to rupture.
The mechanical properties of the specimens at each step of the process are summarized in Table 1 . The maximum strain reached at each step as well as the cumulative strain reached at the end of the process is also provided. The cumulative strain was calculated by considering the new dimensions of the specimen after each deformation step as input values. Note that the limit strains applied were not always exactly 40 %: The deviation from the target value of 40 % is less than 1 % and is due to the time difference between the reading of the actual strain by the laser extensometer and stopping of the test. Table 2 Swift
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As illustrated in Fig. 3 , the application of the SR heat treatments allowed restoring the ductility of the material after each deformation step. Specifically, the elongation to rupture for the AR condition (specimen A), for one (specimen B) and two (specimen C) deformation-heat treatment cycles are similar: 40 to 47 %. It is worth noting that the cumulative strain before rupture in specimen C exceeded 110 % indicating a higher formability of the alloy achieved using the proposed approach. In fact, according to the stress-strain curves, the specimens after each deformation and heat treatment cycle appear to start over as a new material. It can be noted from Table 1 that the conventional 0.2 % yield strength (YS) decreased from one deformation step to the next. In fact, the major drop in YS (from 226 MPa to 182 MPa) occurred after the first deformation and heat treatment cycle. Specifically, this drop was 48 MPa (21 %) and 40 MPa (18 %) for specimens B and C, respectively. However, the decrease in YS was only 4 % after the second deformation-heat treatment cycle; falling from 183 MPa to 176 MPa for specimen C. The significant decrease in YS after the first deformation-heat treatment cycle indicates that the AR specimens were not in the fully annealed condition and is thus a residual effect of the pre-existing work hardening in the material.
To confirm that the YS drop after the first step originates from the mechanical state of the AR specimens, the SR heat treatment was applied to the AR specimens before tensile testing. These specimens were identified as A SR , B SR , and C SR and their testing conditions, cumulative strains and mechanical properties are displayed in Table 2 and Fig. 4 . The initial YS of specimens A SR , B SR , and C SR is lower than that of specimens A, B, and C, confirming that the AR specimens were indeed in a work hardened state. As indicated in Fig. 4 and Table 2 , the overall decrease in YS for the specimens B SR and C SR , after the first and/or second deformation-heat treatment cycle, does not exceed 15 MPa compared to the initial value (specimen A SR /.
Tables 1 and 2 also show that the same level of ultimate tensile strength (UTS) was reached in the last step for all cases. Specifically, the UTS does not significantly vary with either the starting material state or the number of deformation-heat treatment cycles.
Finally, in order to compare the global mechanical behaviour of the material during the multistep forming process, the hardening equations at each step were determined. These equations, which represent the mechanical behaviour of the material, are crucial inputs to the finite element models for the hydroforming process. There are several mathematical expressions generally used to describe the strain hardening behaviour of steels. In the case of SS 321, it has been shown [4, 8] that the Swift equation [9] , as shown in Table 2 Swift Specimen C SR σ#= K(ε 0 + ε p ) n SR − 40 % -SR − 40 % -SR -R Step 1
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Eq. (1), gives an suitable description of the material behavior for hydroforming applications:
with the true stress, K the strength coefficient, n the strain hardening coefficient, " P the plastic strain, and " 0 a constant parameter that represents the strain hardening in the material prior to tensile testing [10] . The appropriate hardening coefficients were obtained using the least square method. Thus, the data from specimen C SR were used to calculate the strength coefficient K as well as the strain hardening coefficient n for each deformation step ( Table 2 Swift Specimen C SR σ#= K(ε 0 + ε p ) n SR − 40 % -SR − 40 % -SR -R Step 1
Step 
Microstructural Analysis
The EBSD scan of the AR specimen is displayed in Fig. 5 . The grey levels, observed from one grain to the other in Fig. 5(a) , correspond to the EBSD diffraction index quality distribution. The AR specimen exhibits a uniform and equiaxed microstructure with a homogeneous grain size around 8 m. A small amount of martensite (about 4.5 %) was identified by EBSD in several grains of the AR specimen (Fig. 5b) . SS 321 as an austenitic stainless steel is susceptible to form strain-induced martensite (SIM) as shown in Fig. 5(b) . The martensite phase tends to appear heterogeneously in certain austenitic grains as a result of intense cold working [11, 12] . This confirms that the as-received material was not fully annealed and the work hardening observed on tensile test results is due to the cold rolling process of the sheet. The SIM transformation is well documented particularly for metastable austenitic stainless steels with low stacking fault energy such as SS 304 or SS 316 [10, 11, [13] [14] [15] . The formation of SIM is the result of plastic deformation which leads to a phase transformation from austenite into martensite. The transformation is enhanced by high strains, low strain rates, low temperatures and lower nickel contents [16] [17] [18] .
The relationship between the martensite formation and the formability is known to be a very complex phenomenon. In fact, in the case of uniaxial tension, Angel [17] and then Hecker [18] demonstrated that the ductility appears to depend on both the extent of martensite formation and the strain at which martensite forms. According to Rosen et al. [19] and confirmed by Talyan et al. [20] , the ductility in metastable austenitic stainless steels is dominated by the formation and distribution of martensite over the tensile specimen and not by the total amount of martensite. There are two types of martensite formed sequentially from the austenite (FCC): martensite " (HCP) then martensite˛0 (BCC) [14, 21, 22] . The volume percent of " martensite compared to˛0 is considered as negligible above approximately 15 % strain [19, 23] . In the present study only˛0 martensitic, i.e., the stable phase, was detected by EBSD which is in agreement with the above references since the applied strain in this study is 40 %.
The EBSD maps of the SR specimens are displayed in Figs. 6-8 . In Fig. 6 , the SR specimen has undergone no deformation. The SR specimen in Fig. 7 has been deformed to 40 % strain and then SR heat treated again. Finally, the SR specimen presented in Fig. 8 has undergone 2 cycles of deformation and SR heat treatments. Figures 6(a), 7(a) and 8(a) represent the microstructure of the specimens whereas Figs. 6(b), 7(b) and 8(b) represent the distribution of the phases. The specimens that have undergone only the SR treatment (Fig. 6a) exhibit a uniform and equiaxed microstructure with average grain sizes very similar to that of the AR specimen presented in Fig. 5 (7.9 ± 0.5 m compared to 8.0 ± 0.2 m); however, with the difference that no martensite was found in the microstructure after the SR treatment indicating that the SR heat treatment was able to transform all the martensite into austenite. Thus, in these conditions, the applied heat treatment is not only able to restore the mechanical properties of the material but also reverses the strain induced martensite into austenite without any effect on the grain size. The microstructure of the "SR C 40 % C SR" specimen shows a combination of some large grains next to smaller ones (Fig. 7a) . This indicates the possibility of recrystallization and/or grain growth due to the second SR heat treatment. In Fig. 8(a) , after 2 cycles, i.e. "SR C 40 % C SR C 40 % C SR", the grains are significantly bigger and more heterogeneously distributed than in the previous case (Fig. 7a) . Grain size distributions performed over 6670, 2150 and 2271 grains for the SR, "SR C 40 % C SR" and "SR C 40 % C SR C 40 % C SR" specimens, respectively are illustrated in Fig. 9 . Such numbers of grains are sufficient for proper statistical analysis since, generally, a minimum set of 200 grains and a step size ten times smaller than the grain diameter is recommended [24] . The grain size distribution confirms that the SR specimen is mostly composed of relatively small grains whereas the introduction of a deformation step ("SR C 40 % C SR") results in a wider distribution in size with a larger number of bigger grains. The analysis of the results in Fig. 9 also indicates that the average size of the grains becomes even bigger when a second deformation step is included. The proportion of small grains decreases when the number of steps is increased. Based on the above discussion, it can be stated that the level of applied prior deformation was high enough to onset some recrystallization and grain growth upon the application of the heat treatment.
The phases present in the specimens are compared in Figs. 6(b), 7(b), and 8(b). Figure 6 (b) corresponds to the SR specimen and shows a fully austenitic microstructure. In Fig. 7(b) , it can be seen that in the "SR C 40 % C SR" specimen, some martensite is still present in several grains even after the SR treatment. Up to 7.5 % of martensite was quantified by EBSD showing that the second SR heat treatment was unable to remove all the martensite in the microstructure. However, in Fig. 8(b) , the microstructure after 2 cycles of deformation and SR heat treatment is fully austenitic.
In order to confirm the amount of˛0-martensite in the specimens identified by EBSD, some measurements were performed on the specimens using a Feritscope ® , a device used to measure the ı-ferrite content on austenitic stainless steels welds. The measurement is based on the ferromagnetism of the˛0-martensite compared to that of austenite (paramagnetic). It has been reported that this method can be used as a direct and reliable way to measure the˛0-martensite content [22, 25] . Since the magnetic permeability of˛0-martensite measured by the feritscope depends on the strain, it is necessary to convert the feritscope readings to actual 0 -martensite through calibration curves [18, 25] . According to Talonen et al. [25] , the actual martensite˛0 content can be evaluated with the following equation:
M art e nsi t e˛0 cont e nt D 1:71 F eri t scope read i ng :
The results in Table 4 indicate that the˛0 martensite content measured by EBSD and by the feritscope follow the same trend. The difference can be explained by the non-indexed points of the EBSD reading and the large step size used (0.25 microns) during EBSD mapping. It can also be explained by the fact that the Feritscope ® estimates the volume of the material and not only a 2D plan as is the case for EBSD.
The Feritscope ® results confirm that after one cycle of deformation and SR heat treatment, the totality of the SIM cannot be reverted to austenite. This finding is in agreement with those reported by other authors. For instance, Ghosh et al. [23] mention a residual volume percent of strain induced˛0-martensite after annealing (800 ı C/1h) in an austenitic stainless steel with a composition very similar to the one investigated in the present study. The presence of martensite after the second SR heat treatment in the specimen undergoing the "SR C 40 % C SR" sequence could indicate that 40 % strain corresponds to an excessive deformation level. It would then induce relatively stable martensite that could not be totally reverted into austenite for the specific combination of temperature and time used in the present work. In other words, for a given heat treatment (time and temperature) there may be a maximum level of strain that should not be exceeded otherwise the amount of martensite generated is too high to disappear after the same heat treatment. Interestingly, Grosse et al. [26] have reported that some residual martensite can be found in specimens that have undergone warm drawing and subsequent solution annealing (1h at 1040 ı C).
However, this threshold effect is not confirmed by the results obtained in the specimen after two cycles ("SR C 40 % C SR C 40 % C SR") as no more residual martensite is found after the last heat treatment. This suggests that the sole application of the SR heat treatment is not sufficient to completely remove residual martensite and other microstructural factors such as grain size and grain to grain misorientations have to be considered. According to Solomon et al. [21] , the volume fraction of martensite formed is a function of the grain orientation and its relationship with its neighbors (i.e. local deformation conditions).
SUMMARY AND CONCLUSIONS
The objective of this paper was to present a method to increase the formability of the austenitic stainless steel 321 for hydroforming applications. A multistep forming process that consisted of a series of tensile testing with a subsequent softening heat treatment was studied. A limit strain of 40 % and stress relief heat treatments were applied to the tensile specimens. The applied stress relief heat treatment led to a major restoration of the properties, such that after each heat treatment step the yield stress of the material was recovered to its initial value. It was shown that with a judicious combination of forming and heat treatment cycles, very high levels of deformation can be reached through this approach. The importance of the initial state of the material was pointed out. Particularly, the as-received material was not in the fully annealed state and the microstructure contained some residual martensite. This martensite phase, which is most likely strain induced, may be removed by an appropriate heat treatment. However, some remaining martensite was observed after the SR heat treatment in the "SR C 40 % C SR" specimen (but not in the "SR C 40 % C SR C 40 % C SR"). Hence, a deformation threshold of 40 % (not to be exceeded) cannot alone fully explain the stabilization of some strain induced martensite. Additional work is ongoing to better understand the governing mechanisms of martensite stabilization during thermo-mechanical processing. This is of particular importance as the limit strain applied at each step has to be optimized to ensure complete microstructural recovery during multistep forming processes.
